The lipooligosaccharide (LOS) of Neisseria gonorrhoeae is an important virulence factor that is involved both in the disease process and in generating a host immune response (3, 6, 22) . Previous studies have focused on characterizing LOS by physical and chemical means (2, 7, 11, 14, 23) . Progress in the genetic study of LOS biosynthesis has been slower because of the limited availability of gonococcal LOS mutants.
Resistance to the killing action of pyocin has been used to identify gonococci with altered LOS profiles (5, 8) . LOS structural analysis of N. gonorrhoeae 1291 and its pyocinresistant derivatives, 1291d and 1291e, indicated that 1291d and 1291C fail to add the first glucose to their LOS chains (11) . This suggested that the genetic defects present in these strains would be in either glucose metabolism or the attachment of glucose to the LOS chain. We previously cloned a DNA fragment capable of complementing the pyocin-derived mutants 1291d and 1291c (20) . Deletion analysis of this clone (pSG30) identified a 750-bp region that could by homologous recombination repair the genetic defects of both 1291d and 1291l. In this article, we report on the sequence characterization of pSG30, the identification of the relevant gene involved in LOS biosynthesis, and demonstrate the functionality of the gene product by enzymatic analysis and complementation of a similar Escherichia coli mutant. The role of this region in LOS biosynthesis was confirmed by the construction of a sitespecific deletion in the chromosome of 1291.
MATERIALS AND METHODS
Culture conditions. Strains and plasmids constructed or used in this study are listed in Table 1 and Table 2 , respectively. E. coli DH5axMCR and E. coli JM101 were obtained from Bethesda Research Laboratories (Bethesda, Md.). E. coli PGM1 was obtained from Barbara Bachmann, E. coli Genetic Stock Center, New Haven, Conn. (1) . E. coli DH5otMCR was grown in L broth, Luria-Bertani agar, or MacConkey agar containing ampicillin (30 ,ug/ml), kanamycin (30 ,ug/ml), eryth- romycin (300 pg/ml), and 5-bromo-4-chloro-3-indolyl-p3-D-galactopyranoside (X-Gal) (35 jLg/ml) as needed. M13 vectors were propagated on E. coli JM101 on YT plates containing X-Gal (35 pLg/ml) and isopropyl-3-D-thiogalactopyranoside (IPTG) (8 ,ug/ml) as needed (18) . E. coli JM101 was maintained on M9 media (18) . N. gonorrhoeae strains 1291, 1291d, and 1291e were obtained from Michael Apicella (University of Iowa, Iowa City) and have been previously described (5) . N. gonorrhoeae strains were propagated on gonococcal medium base supplemented with Kellogg's solution (GCK) agar containing erythromycin (2 ig/ml) as needed and in GCP broth supplemented with Kellogg's solution (25) NADP, 1 MM mannose-1-phosphate, 0.7 U of glucose 6-phosphate dehydrogenase, 1.1 U of phosphoglucose isomerase, and 0.9 U of phosphomannose isomerase. The reaction was started by the addition of 30 ,ul of cell extract. The reaction was monitored for 15 min at 25°C and the increase in A340 was measured. Enzyme activity was calculated as in the PGM assay. Standard deviations of all measurements were calculated by using the Excel program (Microsoft Corp.).
Complementation of E. coli PGM1. pSG34 was introduced into E. coli PGM1 by transformation. One transformant, RE34, was chosen for further analysis. pSG34 is a subclone of pSG30 and was chosen for this analysis because of its stability in E. coli strains. The parent, pSG30, is unstable in E. coli. The vector, pK18, was introduced into E. coli PGM1 by transformation. One transformant, RE18, was chosen for further analysis. E. coli JM101 was used as the negative control; PGM1 was used as the positive control. Sensitivity to bacteriophage C21 was determined as described below (1). C21 was plaque purified two times on E. coli PGM1, and a phage stock was prepared. Two hundred microliters of an overnight culture of RE34, PGM1, RE18, and JM101 was added to 3 ml of soft agar containing 0.4% glucose and required antibiotics and was poured onto YT plates containing 0.4% glucose. Ten microliters of various dilutions of C21 (100 to 10 -4) Construction of a site-specific mutant. To construct a sitespecific mutant in the chromosome of N. gonorrhoeae 1291, the EcoRI fragment of pSG44 (16) was subcloned into pUC19. The resulting plasmid, pSG56, was digested with NaeI and religated to form the plasmid pSG57. The gonococcal insert in this plasmid contains an internal 405-bp deletion spanned by the NaeI sites. This construct (400 ng) was introduced into N. gonorrhoeae 1291 by transformation (22) . Twenty colonies were picked from the experimental transformation and were single colony purified four times. Single colony derivatives of the initial transformants were tested in a colony immunoassay using monoclonal antibody 3F11. Chromosomal DNA from colonies that did not react or reacted faintly with MAb 3F11 was isolated. PCR under the conditions described above using primers RS1 and RS2 was done to confirm the presence of the 405-bp deletion in the gonococcal chromosome.
Nucleotide sequence accession number. The DNA sequence described in this paper has been submitted to GenBank and has been assigned accession number L23426. Fig. 2 . No additional ORFs with recognizable promoter elements were identified in the region involved in LOS modification.
RESULTS
Homology studies. Searches using the amino acid sequences derived from the DNA sequence were performed on the GENINFO BLAST Network Service. Homology searches with this ORF identified extensive homology to a group of hexose mutase proteins from a variety of gram-negative species. The highest degree of homology was to Pseudomonas aeruginosa algC encoding PMM (463 amino acids total) (27) . There were 56% identity and 89% similarity over a 452-amino-acid stretch between the protein encoded by ORF 1 (460 amino acids total) and the PMM encoded by algC. The amino acid sequence alignment of the algC PMM and the protein encoded by ORF 1 is shown in Fig. 3 . Homology between these two proteins is conserved through the entire protein sequence with several stretches of identical residues. The putative active site that is involved in phosphate binding is shown as an underlined sequence in Fig. 3 . The five amino acids that are critical in forming the active site (10) are indicated in boldface. The predicted protein sequence and the PMM protein sequence are identical in these five amino acids. Homology to Xanthomonas campestris xanA (PMM and PGM activity) (12), E. coli pgm (PGM), Salmonella typhimurium cpsG (PMM) (10), and rabbit pgml (PGM) (16) was also observed (19) .
Construction of a defined mutant. In order to directly demonstrate that a defect in the ORF encoded by pSG30 was responsible for the mutant LOS phenotype in 1291d and 1291, a site-specific deletion of this ORF was constructed and introduced into the chromosome of 1291. The scheme used to construct this mutant is given in Fig. 4A . A 405-bp fragment was deleted from pSG56 by digestion with NaeI and ligation. This produces an in-frame deletion of 135 amino acids (Fig. 4) . This construct, pSG57, was introduced into 1291 by transformation, and transformants were identified by the loss of MAb 3F11 binding. MAb 3F11 reacts with the LOS component of 1291 but does not react with the LOS component produced by 1291d and 1291,. Loss of MAb 3F11 binding was used to screen potential site-directed mutants. Several transformants that lost the ability to bind MAb 3F11 were identified. The desired genetic event must be differentiated from the phenotypic variation that occurs in these strains. Confirmation that the correct deletion was introduced into the chromosome was made by PCR analysis of this region using RS1 and RS2. Introduction of this 405-bp deletion results in the shift of the 775-bp PCR product to a 304-bp product. This is seen in strain RS15OA1-1 (Fig. 4B) . The LOS of this site-specific mutant was analyzed by SDS-PAGE as shown in Fig. 5 . The LOS pattern of RS15OA1-1 appears to be like that of 1291d and 1291,. The site-specific deletion strain produces primarily an LOS component with an apparent molecular weight of 3,200, with minor components of 4,700 and 4,200. When the plasmid pSG30 was introduced into RS15OA1-1 by transformation and erythromycin-resistant transformants were selected, it complemented RS15OA1-1 and restored the ability to bind MAb 3F11, while pSG516 had no effect on LOS biosynthesis. The plasmid pSG516 contains an unrelated insert that does not affect LOS biosynthesis and was used as a negative control. This plasmid 4 . Construction and confirmation of site-specific deletion in the gonococcal chromosome. (A) Strategy used to construct a sitespecific deletion in the gonococcal chromosome. ORF 1 is shown as a thick arrow. The region targeted for deletion is indicated in more detail below the chromosome map and is drawn to indicate the overall relation of this region to ORF 1. The region to be deleted is indicated by a hatched line between the two outer NaeI sites. The locations of the primers, RS1 and RS2, are indicated by arrows. The size of the PCR product encoded by the intact region and the deletion construct is also indicated. (B) Confirmation of the introduction of a site-specific deletion in the chromosome of N. gonorrhoeae 1291. Chromosomal DNA was isolated from 1291 and the deletion strain, RS15OA1-1, and was subjected to PCR with primers RS1 and RS2. These primers should amplify a 775-bp product in the wild-type chromosome and a 304-bp product if the deletion has been incorporated into the chromosome. The plasmid used to construct the deletion, pSG56, and its deletion derivative, pSG57, were included as controls. The PCR products were subjected to electrophoresis on a 1.0% TBE agarose gel. has been used previously (20) as a transformation control. From these data, we concluded that defects in the ORF in question are responsible for the altered LOS phenotype seen in 1291d and 1291e. Isolation and characterization of revertant. When we examined the LOS made by 1291d and 1291e on SDS-PAGE, we observed a small amount of LOS with mobilities similar to the mobility of the parent, 1291. Both 1291d and 1291e have been shown to revert to reactivity with MAb 2-1-L8, at a frequency of about 10-3 per cell per generation. Therefore, it is possible that these bands represent contaminating LOS from revertants. In order to determine if reversion involved repair of the identified defect or occurred at a second site, a revertant of 1291d that bound MAb 2-1-L8, RS132L, was isolated. The LOS of this strain was subjected to SDS-PAGE analysis (Fig. 5) and Western blot analysis (data not shown). The predominant component produced by this strain was the 3,200-Da band. However, this strain gained the ability to produce the 3,600-Da band that binds MAb 2-1-L8. This strain also retained the ability to produce small amounts of the 4,700-Da and 4,200-Da components that are characteristically seen with 1291d. These data indicate that the LOS phenotype of cells that can bind MAb 2-1-L8 does not resemble that of the parent or that of the mutant. This suggests that the high-molecular-weight bands seen in 1291d and 1291e are made via an alternate biosynthetic pathway.
Enzymatic analysis. Structural analysis suggested that 1291d and 1291e would be defective in glucose biosynthesis or the addition of glucose. DNA sequence analysis suggested that the gene involved was PGM. In order to determine if 1291d and 1291e were deficient in PGM activity, we analyzed crude protein extracts for the presence of PGM and PMM activity. Crude extracts were prepared from a variety of gonococcal strains including both wild-type and mutant strains. PGM activity was measured indirectly as the amount of NADPH produced in a coupled reaction with glucose 6-phosphate dehydrogenase (12) . The results of this assay, recorded as specific activity, are shown in Table 2 . The wild-type strain 1291 had an average specific activity of 32.4 mU/mg. The highest amount of PGM activity (129.4 mU/mg) was seen with RS159, a derivative of RS15OA1-1 that contains pSG30. RS15OA1-1 contains a deletion in the region of ORF 1 and displays an LOS phenotype similar to that of 1291, and 1291d.
The mutant strains, E48, RS150OA-1, 1291d, 1291e, RS152 (RS15OA1-1 pSG516), and RS132L, had similar values of less than 2 mU/mg. These values represent the limits of the detection system. These data indicate that pSG30 encodes a PGM activity. Since ORF 1 had the highest homology with PMM, the lysates described above were tested for the presence of PMM activity to determine if the ORF 1-encoded protein also possessed PMM activity. PMM was measured indirectly in a coupled reaction with phosphomannose isomerase, phosphoglucose isomerase, and glucose 6-phosphate dehydrogenase. The amount of PMM present in the crude lysates was indirectly measured as the amount of NADPH formed. The results of the PMM assay recorded as specific activity are also shown in Table 2 . RS159 gave a specific activity of 7.9 mU/mg. The wild-type strain, 1291, had a specific activity of 1.6 mU/mg. The mutant strains 1291e, RS152, and E48 had no detectable PMM activity. Because PMM activity was present only in wild-type strains or mutant strains with pSG30, these results suggest that pSG30 encodes a PMM activity in addition to the PGM activity. However, the specific activity is higher when glucose is the substrate.
Complementation of E. coli PGM1. Bacteriophage C21 does not adsorb to wild-type E. coli K-12 but can adsorb and form plaques on mutants that produce a rough lipopolysaccharide (LPS) structure that does not contain glucose or galactose (1) . Mutations in UDP galactose epimerase, UDP glucose pyrophosphorylase, and PGM result in this phenotype (1) . The ability of the ORF encoded by pSG34 to complement PGM1 was determined by testing sensitivity to C21 in the presence and absence of pSG34. The results of this assay are shown in Table 3 . PGM1 and RE18 supported the growth of C21, while JM101 and RE34 did not. This analysis indicates that the introduction of pSG34 results in the ability to produce an LPS molecule that masks the binding site of C21. The production of PGM complements PGM1.
DISCUSSION
Our previous genetic analysis indicated that the defects in 1291d and 1291e were independent but closely linked (20) . The defects present in these strains were named Isi-4 and Isi-5 (20) .
Structural analysis of 1291d and 1291, suggested that these strains were defective either in the ability to produce the appropriate glucose precursor for incorporation into the LOS component or in the ability to attach glucose to the growing LOS chain (11) . Sequence analysis of the region involved in LOS modification identified an ORF that encodes a protein with significant homology to PMM (algC) of P. aeruginosa and to PGM (pgm) of E. coli. There is extensive homology between PGM and PMM both within and between species, with the highest degree of homology centered around the active site that is involved in phosphate binding (16, 27) . It has been shown in several different systems that defects in sugar biosynthetic enzymes result in LPS modification (1, 12, 13, 27) . On the basis of the biochemical properties of E. coli clones expressing this ORF, we concluded that this ORF encodes a PGM and have named the genepgm. From these data, we have concluded that lsi-4 and Isi-5 are really the same gene and should now be referred to as pgm.
Sequence analysis of the regions upstream and downstream of pgm did not identify any genes that are potentially involved in gonococcal LOS biosynthesis. Directly 5' to pgm is an ORF that encodes a putative protein with 52.6% identity and 83.1% similarity in a 95-amino-acid overlap with E. coli peptidylprolyl-cis-trans-isomerase b (19) . This protein is involved in protein folding (9) . Downstream of pgm is an ORF that encodes a putative protein with 49.2% identity and 82.4% similarity in a 244-amino-acid overlap with Bacillus stearothermophilus glnQ (19) . This protein is involved in nitrogen transport (26) . This demonstrates that pgm is not located in a LOS biosynthetic operon. In E. coli, pgm does not map to the rfa or rjb regions of the chromosome that are associated with LPS biosynthesis (1). PMM from P. aeruginosa does not map in a cluster and is separate from other mannose biosynthetic enzymes (e.g., algD) (27) . However, in X. campestris, the genes encoding PGM-PMM and GDP-mannose pyrophosphorylase are linked and are located in a cluster of genes involved in xanthan gum biosynthesis (12) .
In order to confirm that the region identified by genetic analysis was responsible for the phenotype of 1291d and 1291", an in-frame site-specific deletion was introduced into the chromosome of 1291. This mutant produced an LOS phenotype similar to those of 1291d and 1291,.
Colonies of 1291d and 1291e that bind MAb 2-1-L8 can be isolated at a frequency of about 1/4,000. Analysis of one of these MAb 2-1-L8-positive colonies derived from 1291d' RS132L, demonstrated a complex LOS phenotype that consisted of a mixture of LOS components ranging in size from a 3.2-kDa component (characteristic of 1291d) to a 4.7-kDa component (characteristic of 1291). The genetic basis of this revertant is not known. RS132L does not possess PGM activity, indicating that a compensating mutation in PGM is not responsible for the phenotype of RS132L. It is intriguing that this revertant can express a MAb 2-1-L8-binding component in the absence of PGM activity. This suggests either that the gonococcus may have multiple pathways to make glucose-iphosphate, but that under typical culture conditions, these pathways are suppressed, or that the gonococcus can substitute other sugars when elongating its LOS. This phenotype could also result from the ability to transport glucose-i-phosphate into the cell from the culture media. The ability to produce higher-molecular-weight components indicates that the block in the formation of precursor sugars has been circumvented. However, this mutation cannot completely compensate for the defect in PGM as evidenced by the inability to produce the parental LOS component in normal amounts.
Enzymatic analysis of crude extracts prepared from both wild-type and mutant gonococcal strains demonstrates that PGM and PMM activities are present in strains that produce the 4,700-Da LOS component and absent in strains that produce primarily the 3,200-Da component. Introduction of pSG30 into RS150A1-1 restored mutase activity. The specific activity of PGM seen in the RS15OA1-1 genetic background was much higher than that seen in the genetic background of 1291. This higher activity is likely due to an increase in gene dosage. The plasmid pSG30 encoded both PGM and PMM activities, although the activity seen for glucose was 16 times higher than that seen for mannose. The reaction conditions in both the PGM assay and the PMM assay were performed at saturating substrate concentrations (12) . The active site that is responsible for phosphate binding in PGM has been determined. However, the region of the protein that imparts substrate specificity has not been identified. Glucose and mannose are epimers of each other, differing at the position of the hydroxyl group on carbon 2 (28). Most systems have a specific mutase for the metabolism of glucose and mannose.
However, the xanA gene product ofX campestris encodes both PGM and PMM activity in a bifunctional enzyme (12) . Our gene product has the highest degree of homology with PMM enzymes, although the LOS structural analysis of 1291d and 1291e would indicate that it is PGM activity that is deficient in these strains. The results of enzymatic analysis demonstrate that the carbohydrate binding region of the pgm gene product can act on both glucose and mannose.
Adhya and Schwartz isolated PGM1, a strain of E. coli K-12 defective in PGM activity and sensitive to C21, and demonstrated that the defect was most likely in the structural gene for PGM (1) . The ability to complement E. coli PGM1 demonstrates that pSG34 produces a functional PGM activity in E. coli. Complementation of the PGM defect in PGM1 was assessed on the basis of the inability to support the growth of bacteriophage C21 (1). This complementation was specific to pSG34, as the introduction of the vector alone did not alter the ability to bind C21. This is biological evidence that pSG34 encodes a PGM activity.
In our studies of 1291d and 1291e, we observed on silverstained SDS-PAGE gels minor amounts of 4.7-and 4.2-kDa LOS components, in addition to the predominant 3.2-kDa LOS component (20) . These higher-molecular-weight bands were also observed in the site-specific deletion strain RS150A1-1. Colony blot analysis of several hundred individual colonies of 1291d and 1291, demonstrated that the colonies bound MAb 3F11, the 4.7-kDa LOS-component-specific antibody that is bound by the parent, 1291 (unpublished observations). This suggested that a small amount of the parental LOS component that could be the result of a leaky mutation, was produced by these strains. Enzymatic analysis indicates that these strains do not possess detectable PGM activity. However, the presence of intermediate LOS components in RS132L and the parental size component, coupled with the faint 3F11 reactivity, suggests that the gonococcus possesses an alternate mechanism to produce higher-molecular-weight components in the absence of PGM activity. Structural analysis demonstrates that 1291d and 1291e produce a minor component that may contain glucose (11) .
In E. coli, glucose-1-phosphate is converted to UDP-glucose. UDP-galactose is produced from UDP-glucose. The sugar nucleotide form of glucose and galactose is the activated form that is added to the growing LPS chain (13, 28) . Because the gonococcus cannot transport galactose (17) , the ability to produce UDP-galactose would be dependent on the ability to produce glucose-i-phosphate, unless another mechanism to produce galactose is present in the gonococcus. Following the addition of glucose to the LOS core, the following sugars are added in 1291: galactose, N-acetylglucosamine (GlcNAc), and galactose (terminal sugar) (11) . Therefore, 1291 contains two galactose residues for each glucose residue. If glucose-iphosphate is limiting, the production of UDP-galactose would also be affected, and the production of LOS components would be modified. If the structure of the highest-molecular-weight component produced in 1291d and 1291e is like the 4,700- 
